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The protective effects of diltiazem were studied in iso-
lated perfused rat hearts after 10, 20 and 30 minutes of
anoxia and 10minutes ofreoxygenation. The hearts were
treated with diltiazem, 4 mglIiter, during anoxia and
reoxygenation. The myocardial tissue was processed for
electron microscopy and tissue calcium was measured.
Four types of cell injury ranging from normal to severe
were observed. The prominent morphologic changes in
the nondiltiazem-treated tissue were contraction bands,
distortion and calcification of mitochondria and loss of
The introduction of the calcium antagonists or calcium chan-
nel blocking drugs for the reduction of myocardial cell injury
associated with ischemia or anoxia is considered to be the
most exciting cardiovascular pharmacologic advance of this
decade (1-3). Diltiazem, a member of this group, exerts its
effectiveness in anoxia or ischemia by interfering with the
calcium movement into the cell which, if unchecked, produces
severe injury (4-9). In a recent investigation (9), we ob-
served only a partial protection of the jeopardized anoxic
tissue with diltiazem. The protection by this drug was prob-
ably limited because the initial period of anoxia before reox-
ygenation was longer, resulting in more severe cell injury.
In view of the reported effectiveness of this drug for the
treatment of anoxia in variant angina and coronary spasm
(10,11), we carried out this study to determine if diltiazem
prevents anoxic injury in myocardium subjected to short
anoxic periods.
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glycogen. In the treated group, a partial reduction of
cell injury was noted. The mitochondria were usually
wellpreserved, but contraction bands were present. The
tissue calcium decreased after treatment with diltiazem.
The observations suggest that diltiazem decreases tis-
sue calcium and protects mitochondria more than other
cellular components against calcium overload, and this
protection may be responsible for the beneficial action
of this drug.
Methods
Experimental preparation. Sprague-Dawley male rats
weighing approximately 250 g were obtained from local
sources. They were kept for I week in the animal housing
area, The rats were lightly anesthetized with ether before
surgery. The left femoral vein was exposed, into which 0.4
ml of heparin was injected. After I minute, the heart was
excised and immersed in ice-cold Krebs-Henseleit medium
until cessation of the heartbeat. The aortic root of the heart
was attached to a cannula and immediately perfused for 10
minutes with aerobic Krebs-Henseleit medium at 80 mm
Hg pressure at 37°C to achieve equilibration. Diltiazem was
used at the rate of 4 mg/liter in the perfusion medium.
The following experimental groups were used. Four to
six rats were used in each experiment or time interval.
Group I (control group): perfusion of hearts with aerobic
Krebs-Henseleit medium for 30 minutes.
Group 2: perfusion with anoxic medium for 10, 20 and
30 minutes.
Group 3: perfusion with anoxic medium containing dil-
tiazem for 10, 20 and 30 minutes.
Group 4: perfusion with anoxic medium for 10, 20 and
30 minutes, followed by aerobic medium for 10 minutes.
Group 5: perfusion with anoxic medium for 10, 20 and
30 minutes, followed by aerobic medium for 10 minutes,
diltiazem included in both media.
The aerobic Krebs-Henseleit medium consisted of so-
dium chloride liS mM, sodium bicarbonate 25 mM, po-
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tassium chloride 4.7 rnM, magnesium sulfate 1.2 rnM, po-
tassium phosphate 1.2 rnM, calcium chloride 1.25 rnM and
glucose 5.5 rnM. the osmolarity of the medium was 290
mOsmol/liter. The medium was gassed with 95% oxygen
and 5% carbon dioxide for I hour before use and the pH
was adjusted to 7.4. The anoxic Krebs-Henseleit medium
consisted of all the ingredients of the Krebs-Henseleit me-
dium except for glucose, which was replaced by 5.5 rnM
mannitol to maintain osmolarity, and was gassed with 95%
nitrogenand 5% carbondioxide for I hour beforeand during
use. The perfusionfluidwas passedthroughcelluloseacetate
filters of pore size 5.0 ILm.
Morphologic studies. The heart was not perfusion-fixed
because the same heart was used both for morphologic al-
terations and tissue calcium determinations. The heart was
quickly cut into small pieces at the termiriation of each
experiment and immediately fixed in 2.5% glutaraldehyde
buffered in 0.17M sodium cacodylate buffer (290 mOSM)
maintained at the temperature of the Krebs-Henseleit me-
dium and rinsed in the buffer before post-fixing in I% buff-
ered osmium tetroxide for I hour at 4°C. The tissue blocks
weredehydrated in ethanol and propyleneoxide and embed-
ded in spurr medium.
Four blocks were randomly chosen, coded and sectioned
from each rat for light microscopic examination. The sec-
tions were cut i j,Lm thick on an ultramicrotome, mounted
on a glass slide and stained with toluidine blue. Four fields
from one section wereexamined under a point countinggrid
divided into 100 squares. The myocytes in each field were
identified and recorded as a percent of the total number of
cells. The observations on anoxic injury and scoring of the
slides with coded numbers were confirmed by both authors.
Thefollowing scores were used for classifying the degree
of injury to the myocytes; the appearance of these cells is
shown in Figure I:
Score 0 compact fibers. uniform staining of nuclear
material.
Score J weak striations. presence of vacuoles in the
cytoplasm with visible mitochondrial rows, slight clumping
and margination of chromatin. .
Score 2 = loss of structural details, homogeneous cy-
toplasm, presence of contracted myofibrils and remnantsof
nucleus.
Score 3 = marked change in structure, presence of con-
traction bands, cell separation and rupture and lossof nucleus.
Electron microscopic appearance. Electron micro-
scopic examination of the representative tissue was con-
ducted to confirm the light microscopic observation. The
blocks were cut to obtain silver sections and were mounted
on 200 mesh copper grids. The sections were stained with
I% uranyl acetate and lead citrate and were examined in a
Philips electron microscope at 60 kV.
Myocytes with injury score O. Intact cells with undam-
aged cell membrane, regular sarcomere, well dispersed
chromatin in the nucleus and abundant glycogen deposits
were seen (Fig. 2). The cell junctions were in close appo-
sition to each other.
Myocytes with injury score J. In addition to the same
appearance as described above, large vacuoles containing
fragmented membranes adjacent to the mitochondria and
slight margination and clumping of the chromatin in the
nucleus were seen.
Myocytes with injury score 2. Signs of moderate injury
were seen. The mitochondria were swollen, with broken
cristae. Large vacuoles adjacent to the mitochondria. dis-
torted I, M and Z bands, occasional contractures of the
rnyofibrils, absence of glycogen and clumping and margin-
ation of the chromatin in the nucleus were seen (Fig. 3).
Some cells were in the process of separating from each
other.
Myocytes with injury score 3. Lesions of severe injury
were seen. Frequent rupture of the cell membrane with the
contents spilledoutside and distorted mitochondriawith nu-
merouselectron-dense bodies were noted. There were large
vacuoles in the sarcomeres and adjacent to the mitochondria.
Absence of I, M and Z bands. complete depletion of gly-
cogen, aggregates of contraction bands and condensation of
chromatin were seen (Fig. 4). Most myocytes were sepa-
rated at cell junctions.
Measurement of calcium. The heart specimens from
the left ventricle were taken at random, blotted and weighed
dry to a constantweightand digested in 5 ml of a 4: I mixture
of 6% trichloroacetic acid and I% lanthanumchloride. They
were homogenized in a mechanical homogenizer and cen-
trifuged. The supernatant was analyzed for calcium content
using a Perkin-Elmer 4000 atomic absorption spectropho-
tometer. The results are expressed as ILmollg dry weight.
Results
Morphologic Changes in Anoxia and Reoxygenation
The mean percents of four different types of myocytes
in heart sections subjected to anoxia and reoxygenation are
given in Table I.
Perfusion withanoxic medium. The light microscopic
examination of the heart sections subjected to 10 to 30
minutesof anoxia revealeda decrease in the percentof cells
with score 0 from 68 to 38% and an increase in the percent
of cells with injury scores I, 2 and 3. The percent of cells
with injury score I was II. 79, 13.74 and 14.41 % after 10,
20 and 30 minutesof anoxia, respectively. The total percent
of cells with severe injury scores of 2 and 3 increasedfrom
17% observed on to minutes of anoxia to 29 and 47% on
20 and 30 minutesof anoxia, respectively. The ultrastructure
of these cells has been described in Methods.
Perfusion with anoxic medium followed by reoxygen-
ation. Light microscopy. Perfusion with aerobic medium
of the hearts perfused with anoxic medium for 10 and 20
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Figure l. Light micrograph of a section from the
heart after perfusion with anoxic medium for 30
minutes. showingheterogeneous anoxic injury. The
rnyocytes withscores O. I, 2and3areseen. ( x 727,
reduced by 26%.)
minutes resulted in an overall increase in the percent of
myocytes with an injury score of 0 and a decrease in the
percent of cells with injury scores of I , 2 and 3. Reoxy-
genation after 30 minutes of anoxia resulted in a marked
reduction of cells with injury score of 0 and an increased
percent of other types of injured cells.
Electron microscopy. The ultrastructural features of all
four types of myocytes were the same as described before,
except that glycogen was totally absent and calcification of
the mitochondria was more prevalent in the severely injured
myocytes (injury score 3) in all the hearts perfused with the
anoxic medium followed by reoxygenation (Fig. 4).
Figure 2. Electron micrograph of the heart after perfusion with
anoxic medium for 30 minutes followed by aerobic medium for
10 minutes, both containing dilti azem, showing a myocyte with
oscore. Intact cell membrane (arrow), regular sarcomeres (S)and
well dispersed chromatin in the nucleus (N) are seen. ( x 11 .844.
reduced by 16%.)
I
Treatment With Diltiazem
Perfusion with anoxic medium with diltiazem. Light
microscopy . Although all four types of cells were seen on
the incorporation of diltiazem in the perfusion medium. a
considerable reduction in the percent of injured cells was
observed. The cells with injury score 0 increased in all three
perfusions, and this increase was signifi cant (probability [pI
< 0.05) on perfusion with anoxic medium for 10 and 30
minutes. The severely injured (injury score 3) cells were
significantly reduced after 20 and 30 minutes of anoxia.
Electron microscopy. The electron microscopic exami-
nation also revealed the four types of cells as observed on
anoxic perfusion without the drug. The morphology was the
same as described before (12). The major finding was pres-
ervation of glycogen and mitochondria in the injured my-
ocytes (Fig. 5).
Perfusion with anoxic medium followed by aerobic
medium, both containing diltiazem. The incorporation of
diltiazem in both the anoxic and aerobic perfusion media
resulted in marked reduction of injury. The percent of cells
with injury score 0 increased in all the three perfusions of
10. 20 and 30 minutes compared with perfusions without
diltiazem. The increase in number of normal cells was highly
signifi cant (p < 0.0 I) after reoxygenation of hearts sub-
jected to 30 minutes of anoxia when diltiazem was added
in both media. The severely injured cells (injury scores 2
and 3) were also decreased considerably. This reduction
was highly signifi cant (p < 0.05) in the case of anoxia of
20 and 30 minutes followed by reoxygenation.
Electron microscopy. The ultrastructural features of all
four types of myocytes were the same as described earlier,
except that increased preservation of glycogen and mito-
chondria. and reduced calcification of mitochondria was
clearly evident in severely injured cells (Fig. 2 and 6).
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Figure 3. Electronmicrographof the heart after perfusion
with anoxic medium for 30 minutes, showing a myocyte
of injuryscore 2. Swollen mitochondria(M) with ruptured
cristae, large vacuoles (V), distorted sarcomeres (S) and
clumpingand marginationof chromatin in the nucleus(N)
are seen. (x7,772, reduced by 26%.)
Effect of diltiazem on tissue calcium. The tissue cal-
cium was increased to 21.19 ILmol!g dry weight after 20
minutes of anoxia, compared with 8.5 ILmol in the normal
heart, and showed four times the increase after 30 minutes
of anoxia (Table 2). The tissue calcium was significantly
reduced by diltiazem after 20 and 30 minutes of anoxia.
The calcium content did not significantly increase on reox-
ygenation of the heart after 10 and 20 minutes of anoxia,
but reoxygenation after 30 minutes of anoxia revealed a
significant (p < 0.05) increase from 32.98 to 42.76 ILmol.
The incorporation of diltiazem in both anoxic and aerobic
media resulted in an overall reduction in calcium accumu-
lation in the cardiac muscle, which was significant (p <
0.001) in hearts subjected to 20 and 30 minutes of anoxia.
Discussion
Heterogeneous morphologic response to anoxia and
reoxygenation. The hearts subjected to global anoxia man-
ifested different grades of injury. This heterogeneous re-
sponse to anoxia was previously reported by Ganote and
Kaltenbach (13) in rat hearts, to isoproterenol injury in dog
hearts by Todd et al. (14) and to 5 minutes of anoxia in rat
hearts by us (12). The cause of this heterogeneous response
is not yet clear and may be due to intrinsic metabolic dif-
ferences between myocytes. This heterogeneous response
was advantageous in that it offered different degrees of
anoxic injury, spanning the range from little to severe injury.
Thus, the same section under examination served as its own
control when the different morphologic changes were
quantitated.
Figure 4. Electron micrograph of a heart after per-
fusion with anoxic medium for 30 minutes followed
by aerobic medium for 10 minutes, showing a my-
ocyte of injury score 3. Distorted sarcomeres (S),
mitochondria (M) with numerous dense bodies (ar-
row), large vacuoles (V), contraction bands (arrow-
head) and condensation of the chromatin in the nu-
cleus (N) are seen. (x 9,000, reduced by 26%.)
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Anoxia Duration (min) o 2 3
Anoxia
10
20
30
Anoxia with diltiazem
10
20
30
Anoxia and reoxygenation
10
20
30
Anoxia and reoxygenation ,
diltiazem in both
10
20
30
68.49 =3.13
59.58 =5.86
38.65 =4.41
79.06 =2.6*
69.41 =2.28
54.68 =5.35*
73.45 =3.34
70.10 =6.10
9.81 =3.00
81.44 =2.78
76.18 =4.34
34.43 =4.69+
11.79 =2.78
13.74 =3.88
14.41 =4.0
7.68 =4.29
18.56 =2.72
21.34 =5.39
9.07 =3.23
14.69 ± 3.67
29.71 ± 5.43
8.76 ± 3.87
14.75 ± 3.05
23.69 =2.56
7.78 = 1.64
15.88 ± 3.20
12.75 :!: 5.82
3.62 :!: 2.02
11.73 :!: 0 .60
6.27 :!: 2.25
7.47 :!: 1.92
6.34 ± 3.44
37.56 ± 4.64
6.0 ± 3.51
5.64 = 1.60
24.96 :!: 1.21t
12.15 :!: 1.21
13.17 ± 1.47
35.13 ± 5.72
10.73 :!: 2.77
7.53 ± 2.12*
15.90 ± 2.8ft
7.75 ± 1.61
10.37 ± 2.69
19.62 =3.71
5.45 ± 3.37
5.81 ± 1.73*
16.10 ± 4.06
*p < 0.05; t p < 0.01; +p < 0.001. Values are rnean rt standarderror.
The numberof normal (score 0) cells graduallydecreased
and cells with mild to severe injury (scores I, 2 or 3) in-
creased on prolongation of anoxia. The morphologic changes,
such as intermyofibril vacuoles and slight margination of
chromatinobservedin injuredcells, werereversible on reox-
ygenation. Other changes, like contraction band formation,
calcification and distortion of mitochondria, nucleardegen-
eration and disruption of sarcorneres, frequently occur on
restoring oxygen to the anoxic hearts (12,13). The period
of reoxygenation is not critical. It is reported that even 1
minute of aerobic perfusion of the heart after considerable
anoxia intensifies the anoxic injury (13,15). What is vital
is the condition of myocytes, which is determined by the
duration of the anoxia. It is apparent from the present study
that reoxygenation of hearts perfused with anoxic medium
for 10 and 20 minutes actually had an overall beneficial
effect on the anoxic injury, but reoxygenation of the hearts
subjected to anoxia for 30 minutes resulted in an intensi-
Figure 5. Electron micrograph of the heart after per-
fusion with anoxic medium containing diitiazem for 30
minutes . A myocyte of injury score 2 is seen with
swollen mitochondria (M). partially distorted sarcom-
eres (S), vacuoles (V), glycogen (arrow) and moderate
margination of chromatin in the nucleus (N). ( x 12,492,
reduced by 26%.)
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*p < 0.05; tp < 0.01; :l:p < 0.001. Values are mean ± standard
error; control = 8.5 /-Lmol.
Table 2. Effect of Diltiazem on Tissue Calcium (umol/g dry
weight) During Anoxia and 10 Minutes of Reoxygenation
Figure 6. Electron micrograph of the heart after perfusion with
anoxic medium for 30 minutes followed by aerobic medium for
10 minutes, both media containing diltiazem. A myocyte with
injury score 3 is seen. Distorted sarcomeres with contraction bands
(C), glycogen (arrow)and well preserved mitochondria (M) with-
out calcification are seen. (x 21,250, reduced by 26%.)
upward increase depending on the duration of the anoxia.
The perfusion of the anoxic medium for 10 minutes resulted
in I Y2 times the normal calcium value, for 20 minutes
anoxic perfusion, nearly 2 Y2 times the normal value and
after 30 minutes of anoxia, nearly four times the normal
value. Reoxygenation of the hearts perfused for 10 and 20
minutes did not result in a significant increase, but reoxy-
genation of hearts perfused with anoxic medium for 30
minutes did result in a significant (p < 0.05) increase, four
times the normal calcium value.
It is generally agreed that an increase in intracellular
calcium impairs the ATP-producing capacity of the mito-
chondria and leads to a stimulation of membrane phospho-
lipases which damage subcellular organelles and cell mem-
branes (18). According to Ganote (15), the excessintracellular
calcium may activate membrane or cytoplasmic enzymes,
be available for accumulation by mitochondria or saturate
troponin binding sites causing full activation of actin that
leads to contraction bands and cell damage.
Reduction of injury and calcium accumulation on dil-
tiazem treatment. The incorporation of diltiazem in the
anoxic medium resulted in an overall decrease in the inju-
riouseffectsof the anoxia. This effect was more pronounced
in hearts subjected to 30 minutes of anoxia in which con-
siderable injury was ordinarily seen. The reduction of cell
injurywassignificant (p < 0.05), as is evident by an increase
of normalcells (with an injury score 0) in 10and 30 minutes
of anoxia and cells with moderate injury (score of 2) in 20
and 30 minutes of anoxia.
Perfusion withaerobicmediumcontainingdiltiazemafter
anoxicperfusionwithdiltiazem resulted in the enhancement
of the beneficial action of reoxygenation in 10 and 20 min-
utes of anoxia. The number of normal cells (injury score of
0) increased and cells with severe injury (scores of 2 and
3) decreased. The reduction in severe injury was significant
(p < 0.05) in hearts subjected to 20 minutes of anoxia. The
administration of diltiazemduring anoxia and reoxygenation
to the hearts subjectedto 30 minutes of anoxia also resulted
in further preventionof anoxic injury and a reduction in the
adverseeffects of reoxygenation compared with similar per-
fusions without diltiazem.
The tissue calcium was significantly reduced in most of
the anoxic and aerobic perfusions on incorporation of dil-
tiazem. The incorporation of diltiazem in the anoxic per-
fusions of 20 and 30 minutes resulted in significant (p <
0.05 and 0.01, respectively) reduction of calcium accu-
mulation in the heart. Similarly, the incorporation of dil-
tiazem during reoxygenation of hearts subjected to 20 and
30 minutes of anoxic perfusion resulted in significant (p <
0.001 and 0.001, respectively) reduction in tissue calcium,
but total prevention of calcium accumulation was not ob-
served in these hearts.
Site of diltiazem action. Although the calcium channel
blocking agents are known to inhibit calcium currents and
Calcium
8.5 ± 0.25
13.1 ± 1.05
21.19 ± 1.07
32.98 ± 1.29
14.80 ± 1.81
17.25 ± 0.4]:j:
27.20 ± 2.5]:j:
13.30 ± 2.56
17.23 ± 1.27*
22.40 ± 3.77t
15.01 ± 3.35
21.46 ± 0.71
42.76 ± 1.31
Anoxia
o
10
20
30
Anoxia with diltiazem
10
20
30
10
20
30
Anoxia and reoxygenation,
diltiazem in both
10
20
30
Anoxia Duration (min.)
fication of the cell injury. Histologically, a higher percent
of cells with severe injury (injury score 3) revealed calci-
fication of the mitochondria, which is considered to be an
irreversiblechange (16,17) leading to the depletionof aden-
osine triphosphate (ATP). This may be responsible for the
appearance of contraction bands on reoxygenation of hearts
after 30 minutes of anoxia.
Role of calcium in pathogenesis of injury in anoxia
and reoxygenation. Associated with the morphologic
changes, the calcium content also revealed a near parallel
JACC Vol. 3. No. 5
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cellular calcium uptake, the actual mechanism and their site
of action remain to be determined. Biochemical and elec-
trophysiologic studies (1-3 ,19,20) have shown that calcium
antagonists block the calcium current of the cell membrane
preventing calcium influx Intothe cell. The lipophilicnature
of these drugs also enables easy penetration into the Cells,
thereby giving them access to the sites of excitation and
contraction coupling, including the mitochondria, sarco-
lemma and sarcoplasmic reticulum, leadinz to the reduction
in the availability of the calcium for contraction (21-23).
On the other hand, diltiazem does not exert any effect on
the calcium receptors of contractile proteins in the skinned
muscles and consequently, it does not act on the internal
cellular components contributing for the contraction (24).
The ultrastructural studies carried out on the effects of dil-
tiazem on the calcium paradox in our laboratory have re-
vealed preservation of the mitochondrial ATPase complex
(25) and prevention of cell separation and alterations in the
gap junctions, as well as preservation of tissue adenosine
triphosphate (26,27). Pretreatment of pig ischemic myo-
cardium with diltiazem resulted in preservation of mito-
chondrial structure and glycogen content (28). In addition,
morphologic studies by others (4,7,29-31 ) have indicated
that the calcium antagonist drugs can reduce the size of the
myocardial necrosis in experimentally induced infarcts in
animals and prevent postischemic changes in the perfused
heart.
The present studies revealed marked preservation of mi-
tochondria by diltiazem treatment, whereas distortion of
mitochondria in the form of swelling, rupture, breakage of
cristae and calcification in the injured myocytes was ob-
served as sequelae of anoxia followed by reoxygenation
without diltiazem treatment, which ultimately result in cell
death. This is consistent with previous observations (32,33)
that the loss of mitochondrial function in ischemia is fol-
lowed by cell death. The morphologic features of mito-
chondria are altered soon after ischemia (34,35) and their
function is depressed (36-38) . The mitochondrial preser-
vation and glycogen retention as reported in this study also
suggest an increased cytosolic ATP level that may protect
the myocardium by maintaining calcium homeostasis. The
latter mechanism may also result in the sarcolemmal and
sarcoplasmic reticulum integrity. The beneficial effect of
reduced tissue calcium content caused by an active mito-
chondrial uptake during reoxygenation of hypoxic myocar-
dium (39) is shown by minimal calcification and maximal
structural preservation of the mitochondria. However, we
did not notice complete inhibition of calcium accumulation
or prevention of the formation of contraction bands in the
cardiac tissue. It was suggested by X-ray microanalysis
studies that calcium may increase in the extracellular spaces
in diltiazem-treated papillary muscles that are overloaded
with calcium (40).
It appears to us that, in spite of preservation of mito-
chondria, the failure of diltiazem to prevent calcium ac-
cumulation at extramitochondrial sites in anoxia and reox-
ygenation is associated with the formation of contraction
bands and subsequent cell damage. This may also be the
reason for the incomplete preservation of heart structure by
diltiazem in anoxic injury, even in short periods of anoxia.
We appreciate the supply of diltiazam from Marion Laboratories, Kansas
City. Missouri. and gratefully acknowledge the assistance of the Document
Processing Area of the Department of Pathology for typing the manuscript.
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